The cosmological baryon asymmetry can be explained as remnant of heavy Majorana neutrino decays in the early universe. We study this mechanism for two models of neutrino masses with a large ν µ − ν τ mixing angle which are based on the symmetries SU (5) × U (1) F and SU (3) c × SU (3) L × SU (3) R × U (1) F , respectively. In both cases B − L is broken at the unification scale Λ GU T . The models make different predictions for the baryogenesis temperature and the gravitino abundance. 
Baryogenesis and lepton number violation
The cosmological matter antimatter asymmetry, the ratio of the baryon density to the entropy density of the universe,
n B − n B s = (0.6 − 1) · 10 −10 ,
can in principle be understood in theories where baryon number, C and CP are not conserved [1] . The presently observed value of the baryon asymmetry is then explained as a consequence of the spectrum and interactions of elementary particles, together with the cosmological evolution.
A crucial ingredient of baryogenesis is the connection between baryon number (B) and lepton number (L) in the high-temperature, symmetric phase of the standard model. Due to the chiral nature of the weak interactions B and L are not conserved [2] . At zero temperature this has no observable effect due to the smallness of the weak coupling. However, as the temperature approaches the critical temperature T EW of the electroweak phase transition, B and L violating processes come into thermal equilibrium [3] . These 'sphaleron processes' violate baryon and lepton number by three units,
It is generally believed that B and L changing processes are in thermal equilibrium for temperatures in the range T EW ∼ 100 GeV < T < T SP H ∼ 10 12 GeV .
The non-conservation of baryon and lepton number has a profound effect on the generation of the cosmological baryon asymmetry. Eq. 2 suggests that any B + L asymmetry generated before the electroweak phase transition, i.e., at temperatures T > T EW , will be washed out. However, since only lefthanded fields couple to sphalerons, a non-zero value of B + L can persist in the high-temperature, symmetric phase if there exists a non-vanishing B − L asymmetry. An analysis of the chemical potentials of all particle species in the high-temperature phase yields the following relation between the baryon asymmetry Y B and the corresponding L and B − L asymmetries Y L and Y B−L , respectively [4] ,
where a is a number O(1). In the standard model with three generations and two Higgs doublets one has a = 8/23.
We conclude that B − L violation is needed if the baryon asymmetry is generated before the electroweak transition, i.e. at temperatures T > T EW ∼ 100 GeV. In the standard model, as well as its supersymmetric version and its unified extensions based on the gauge group SU(5), B − L is a conserved quantity. Hence, no baryon asymmetry can be generated dynamically in these models.
The remnant of lepton number violation at low energies is an effective ∆L = 2 interaction between lepton and Higgs fields,
Such an interaction arises in particular from the exchange of heavy Majorana neutrinos. In the Higgs phase of the standard model, where the Higgs field acquires a vacuum expectation value H 2 = v 2 , it gives rise to Majorana masses of the light neutrinos ν e , ν µ and ν τ .
At finite temperature the ∆L = 2 processes described by (5) take place with the rate [5] 
In thermal equilibrium this yields an additional relation between the chemical potentials which implies
To avoid this conclusion, the ∆L = 2 interaction (5) must not reach thermal equilibrium. For baryogenesis at a temperature T B < T SP H ∼ 10 12 GeV, one has to require Γ ∆L=2 < H| T B , where H is the Hubble parameter. This yields a stringent upper bound on Majorana neutrino masses,
For T B ∼ T SP H , this bound would be comparable to the upper bound on the electron neutrino mass obtained from neutrinoless double beta decay. However, eq. (8) also applies to the τ -neutrino mass. Note, that the bound can be evaded if appropriate asymmetries are present for particles which reach thermal equilibrium only at temperatures below T B [6] .
The connection between lepton number and the baryon asymmetry is lost if baryogenesis takes place at or below the Fermi scale [7] . However, detailed studies of the thermodynamics of the electroweak transition have shown that, at least in the standard model, the deviation from thermal equilibrium is not sufficient for baryogenesis [8] . In the minimal supersymmetric extension of the standard model (MSSM) such a scenario appears still possible for a limited range of parameters [7] .
Decays of heavy Majorana neutrinos
Baryogenesis above the Fermi scale requires B − L violation, and therefore L violation. Lepton number violation is most simply realized by adding righthanded Majorana neutrinos to the standard model. Heavy right-handed Majorana neutrinos, whose existence is predicted by all extensions of the standard model containing B − L as a local symmetry, can also explain the smallness of the light neutrino masses via the see-saw mechanism [9] .
The most general Lagrangian for couplings and masses of charged leptons and neutrinos reads
The vacuum expectation values of the Higgs field H 1 = v 1 and H 2 = v 2 = tan β v 1 generate Dirac masses m l and m D for charged leptons and neutrinos, m e = h e v 1 and m D = h ν v 2 , respectively, which are assumed to be much smaller than the Majorana masses M = h r R . This yields light and heavy neutrino mass eigenstates
with masses
Here K is a unitary matrix which relates weak and mass eigenstates.
The right-handed neutrinos, whose exchange may erase any lepton asymmetry, can also generate a lepton asymmetry by means of out-of-equilibrium decays.
This lepton asymmetry is then partially transformed into a baryon asymmetry by sphaleron processes [10] . The decay width of the heavy neutrino N i reads at tree level,
From the decay width one obtains an upper bound on the light neutrino masses via the out-of-equilibrium condition [11] . Requiring Γ D1 < H| T =M 1 yields the constraint
More direct bounds on the light neutrino masses depend on the structure of the Dirac neutrino mass matrix.
Interference between the tree-level amplitude and the one-loop self-energy and vertex corrections yields CP asymmetries in the heavy Majorana neutrino decays. In a basis, where the right-handed neutrino mass matrix M = h r R is diagonal, one obtains [12, 13] 
Here we have assumed M 1 < M 2 , M 3 , which is satisfied in the applications considered in the following sections.
In the early universe at temperatures T ∼ M 1 the CP asymmetry (14) leads to a lepton asymmetry [14] ,
Here the factor κ < 1 represents the effect of washout processes. In order to determine κ one has to solve the full Boltzmann equations [15, 16] . In the examples discussed below one has κ ≃ 10 −1 . . . 10 −3 .
Neutrino masses and mixings
The CP asymmetry (14) is given in terms of the Dirac and the Majorana neutrino mass matrices. Depending on the neutrino mass hierarchy and the size of the mixing angles the CP asymmetry can vary over many orders of magnitude. It is therefore interesting to see whether a pattern of neutrino masses motivated by other considerations is consistent with leptogenesis.
An attractive framework to explain the observed mass hierarchies of quarks and charged leptons is the Froggatt-Nielsen mechanism [18] based on a spontaneously broken U(1) F generation symmetry. The Yukawa couplings arise from non-renormalizable interactions after a gauge singlet field Φ acquires a vacuum expectation value,
Here g ij are couplings O(1) and Q i are the U(1) charges of the various fermions with Q Φ = −1. The interaction scale Λ is expected to be very large, Λ > Λ GU T .
In the following we shall discuss two different realizations of this idea which are motivated by the recently reported atmospheric neutrino anomaly [17] . Both scenarios have a large ν µ − ν τ mixing angle. They differ, however, by the symmetry structure and by the size of the parameter ǫ which characterizes the flavour mixing.
SU(5) × U(1) F
This symmetry has been considered by a number of authors [22] . Particularly interesting is the case with a nonparallel family structure where the chiral U(1) F charges are different for the 5 * -plets and the 10-plets of the same family [19] - [21] . An example of possible charges Q i is given in table 1.
The assignment of the same charge to the lepton doublets of the second and third generation leads to a neutrino mass matrix of the form [19, 20] ,
This structure immediately yields a large ν µ − ν τ mixing angle. The phenomenology of neutrino oscillations depends on the unspecified coefficients O(1). The parameter ǫ which gives the flavour mixing is chosen to be
The three Yukawa matrices for the leptons have the structure,
Note, that h e and h ν have the same, non-symmetric structure. One easily verifies that the mass ratios for charged leptons, heavy and light Majorana neutrinos are given by
The masses of the two eigenstates ν µ and ν τ depend on unspecified factors of order one, and may easily differ by an order of magnitude [25] . They can therefore be consistent with the mass differences ∆m Table 2 Chiral charges of charged and neutral leptons with
The choice of the charges in table 1 corresponds to large Yukawa couplings of the third generation. For the mass of the heaviest Majorana neutrino one finds
This implies that B − L is broken at the unification scale Λ GU T .
SU(3)
This symmetry arises in unified theories based on the gauge group E 6 . The leptons e c R , l L and ν c R are contained in a single (1, 3, 3) representation. Hence, all leptons of the same generation have the same U(1) F charge and all leptonic Yukawa matrices are symmetric. Masses and mixings of quarks and charged leptons can be successfully described by using the charges given in table 2 [22] . Clearly, the three Yukawa matrices have the same structure 1 ,
Note, that the expansion parameter in h ν is different from the one in h e and h r . From the quark masses, which also contain ǫ andǭ, one infersǭ ≃ ǫ 2 [22] .
From eq. (23) one obtains for the masses of charged leptons, light and heavy Majorana neutrinos,
Like in the example with SU(5) × U(1) F symmetry, the mass of the heaviest Majorana neutrino,
implies that B − L is broken at the unification scale Λ GU T .
1 Note, that with respect to ref. [22] , ǫ and ǫ have been interchanged.
The ν µ − ν τ mixing angle is mostly given by the mixing of the charged leptons of the second and third generation [22] ,
This requires large flavour mixing,
In view of the unknown coefficients O(1) the corresponding mixing angle sin Θ µτ ∼ 0.7 is consistent with the interpretation of the atmospheric neutrino anomaly as ν µ − ν τ oscillation.
It is very instructive to compare the two scenarios of lepton masses and mixings described above. In the first case, the large ν µ − ν τ mixing angle follows from a nonparallel flavour symmetry. The parameter ǫ, which characterizes the flavour mixing, is small. In the second case, the large ν µ − ν τ mixing angle is a consequence of the large flavour mixing ǫ. The U(1) F charges of all leptons are the same, i.e., one has a parallel family structure. Also the mass hierarchies, given in terms of ǫ, are rather different. This illustrates that the separation into a flavour mixing parameter ǫ and coefficients O(1) is far from unique. It is therefore important to study other observables which depend on the lepton mass matrices. A particular example is the baryon asymmetry.
Matter antimatter asymmetry
We can now evaluate the baryon asymmetry for the two patterns of neutrino mass matrices discussed in the previous section. A rough estimate of the baryon asymmetry can be obtained from the CP asymmetry ε 1 of the heavy Majorana neutrino N 1 . A quantitative determination requires a numerical study of the full Boltzmann equations [16] .
SU(5) × U(1) F
In this case one obtains from eqs. (14) and (19), From eq. (15), ǫ 2 ∼ 1/300 (18) and g * ∼ 100 one then obtains the baryon asymmetry,
For κ ∼ 0.1 . . . 0.01 this is indeed the correct order of magnitude. The baryogenesis temperature is given by the mass of the lightest of the heavy Majorana neutrinos,
This set of parameters, where the CP asymmetry is given in terms of the mass hierarchy of the heavy neutrinos, has been studied in detail [26] . The generated baryon asymmetry does not depend on the flavour mixing of the light neutrinos. The ν µ − ν τ mixing angle is large in the scenario described in the previous section whereas it was assumed to be small in [26] .
The solution of the full Boltzmann equations is shown in fig. 1 for the nonsupersymmetric case [26] . The initial condition at a temperature T ∼ 10M 1 is chosen to be a state without heavy neutrinos. The Yukawa interactions are sufficient to bring the heavy neutrinos into thermal equilibrium. At temper- 
atures T ∼ M 1 this is followed by the usual out-of-equilibrium decays which lead to a non-vanishing baryon asymmetry. The final asymmetry agrees with the estimate (30) for κ ∼ 0.1.
The change of sign in the lepton asymmetry is due to the fact that inverse decay processes, which take part in producing the neutrinos, are CP violating, i.e. they generate a lepton asymmetry at high temperatures. Due to the interplay of inverse decay processes and lepton number violating scattering processes this asymmetry has a different sign than the one produced by neutrino decays at lower temperatures.
In this case the neutrino Yukawa couplings (23) yield the CP asymmetry
which correspond to the baryon asymmetry (cf. (15))
Due to the large value of ǫ the CP asymmetry is two orders of magnitude larger than in the case with SU(5) × U(1) F symmetry. However, washout processes are now also stronger. The solution of the Boltzmann equations is shown in fig. 2 . The final asymmetry is again Y B ∼ 10 −9 which now corresponds to κ ∼ 10 −3 . The baryogenesis temperature is considerably larger than in the first case,
The baryon asymmetry is largely determined by the parameter m 1 defined in eq. (13) [16] . In the first example, one has m 1 ∼ m ν . In the second case one finds m 1 ∼ m 3 . Since m ν and m 3 are rather similar it is not too surprizing that the generated baryon asymmetry is about the same in both cases.
Conclusions
Detailed studies of the thermodynamics of the electroweak interactions at high temperatures have shown that in the standard model and most of its extensions the electroweak transition is too weak to affect the cosmological baryon asymmetry. Hence, one has to search for baryogenesis mechanisms above the Fermi scale.
Due to sphaleron processes baryon number and lepton number are related in the high-temperature, symmetric phase of the standard model. As a consequence, the cosmological baryon asymmetry is related to neutrino properties. Baryogenesis requires lepton number violation, which occurs in extensions of the standard model with right-handed neutrinos and Majorana neutrino masses.
Although lepton number violation is needed in order to obtain a baryon asymmetry, it must not be too strong since otherwise any baryon and lepton asymmetry would be washed out. This leads to stringent upper bounds on neutrino masses which depend on the particle content of the theory.
The solar and atmospheric neutrino deficits can be interpreted as a result of neutrino oscillations. For hierarchical neutrinos the corresponding neutrino masses are very small. Assuming the see-saw mechanism, this suggests the existence of very heavy right-handed neutrinos and a large scale of B − L breaking.
It is remarkable that these hints on the nature of lepton number violation fit very well together with the idea of leptogenesis. For hierarchical neutrino masses, with B − L broken at the unification scale Λ GUT ∼ 10 16 GeV, the observed baryon asymmetry Y B ∼ 10 −10 is naturally explained by the decay of heavy Majorana neutrinos.
Although the observed baryon asymmetry imposes important constraints on neutrino properties, other observables are needed to discriminate between different models. The two examples considered in this paper predict different baryogenesis temperatures. Correspondingly, in supersymmetric models the predictions for the gravitino abundance are different [30] - [32] . In the case with SU(5) × U(1) F symmetry, stable gravitinos can be the dominant component of cold dark matter [32] . The models make also different predictions for the rate of lepton flavour changing radiative corrections.
